Novel strategy for low-temperature, high-rate growth of dense, hard, and stress-free refractory ceramic thin films J. Vac. Sci. Technol. A 32, 041515 (2014); 10.1116/1.4884575 Enhance the coercivity of the rhombohedral lattice L11 CoPt thin film on glass substrate J. Appl. Phys. 115, 17B720 (2014) Intrinsic stresses in vapor deposited thin films have been a topic of considerable scientific and technological interest owing to their importance for functionality and performance of thin film devices. The origin of compressive stresses typically observed during deposition of polycrystalline metal films at conditions that result in high atomic mobility has been under debate in the literature in the course of the past decades. In this study, we contribute towards resolving this debate by investigating the grain size dependence of compressive stress magnitude in dense polycrystalline Mo films grown by magnetron sputtering. Although Mo is a refractory metal and hence exhibits an intrinsically low mobility, low energy ion bombardment is used during growth to enhance atomic mobility and densify the grain boundaries. Concurrently, the lateral grain size is controlled by using appropriate seed layers on which Mo films are grown epitaxially. The combination of in situ stress monitoring with ex situ microstructural characterization reveals a strong, seemingly linear, increase of the compressive stress magnitude on the inverse grain size and thus provides evidence that compressive stress is generated in the grain boundaries of the film. These results are consistent with models suggesting that compressive stresses in metallic films deposited at high homologous temperatures are generated by atom incorporation into and densification of grain boundaries. However, the underlying mechanisms for grain boundary densification might be different from those in the present study where atomic mobility is intrinsically low. V C 2016 AIP Publishing LLC.
I. INTRODUCTION
Mechanical stresses are one of the factors influencing the properties of thin films. [1] [2] [3] They are also critical for the mechanical reliability of thin films as excessive stresses can result in cracking and decohesion of the film from the substrate. 2, 4, 5 Large intrinsic stresses exhibiting a complex dependence on thickness and deposition conditions can arise during vapor deposition of polycrystalline thin films. Typically, a compressive-tensile-compressive stress evolution is observed with increasing thickness with a stress relaxation taking place after deposition when mobility of film forming species (i.e., atoms) is sufficiently high. 2, 4, 6, 7 Under deposition conditions resulting in low atomic mobility, the stress evolution typically remains tensile without any postdeposition stress relaxation, 2, 4, 8 while a compressive stress can be induced by subjecting the growing film to energetic particles. 5 Irrespective of the atomic mobility during growth, there is a general agreement that the initial compressive stress results from surface stress which generates a Laplace pressure in small islands leading to a smaller than bulk lattice spacing being frozen in during island growth. 9 Also, it is widely accepted that the subsequent tensile stresses emanate from elastic deformation of islands during the coalescence stage. [10] [11] [12] At conditions of limited atomic assembly kinetics (such as during thermal evaporation of refractory metals), the steady-state tensile stress is caused by attractive force between grains over grain boundaries, 8, [13] [14] [15] while the bombardment induced compressive stress is associated with point defects that cause a hydrostatic lattice expansion in the grains. [15] [16] [17] This stress contribution is additive with the tensile stress generated in the grain boundaries. 15 On the other hand, the physical origins of the steady-state compressive stress in the post-coalescence regime and subsequent stress relaxation upon deposition interruptions seen for high mobility conditions are still under debate. Chason et al. [18] [19] [20] [21] have suggested-supported by molecular dynamic simulations 22, 23 -that the compressive stress is caused by diffusion of adsorbed atoms (i.e., adatoms) into grain boundaries driven by a chemical potential difference between the surface and the grain boundaries. The stress relaxation can then be explained by out-diffusion of atoms from the grain boundaries due to a reversal of the chemical potential difference when the deposition flux is stopped. Yu grain boundary top or to 2D islands on the film surface, and the stress state of the film is determined by the relative rates of attachment. Adatoms attaching to grain boundary top generate compressive stress, while grain growth during deposition generates tensile stress. Additionally, experimental data from Magnf€ alt et al. 25 have shown a correlation between film density and the compressive stress magnitude in refractory thin films in which atomic mobility during growth is triggered by bombardment with energetic species, suggesting that atom incorporation into grain boundaries generates compressive stress. Another mechanism has been suggested by Gonz alez-Gonz alez et al. [26] [27] [28] who posited that interactions between misoriented grains during island coalescence lead to a film morphology consisting of grain bundles separated by deep grooves. The repulsive forces in the grooves acting on the grain bundles would then result in a compressive strain in the grain bundles and a compressive film stress. Koch et al. 29 have argued that the initial compressive stress caused by Laplace pressure recovers after coalescence completion and results in a steady-state compressive stress in continuous films. The stress relaxation was suggested to be caused by surface flattening and grain growth. Spaepen 30 proposed that the steady-state stress is due to atoms getting trapped between surface ledges and that its relaxation is due to surface reorganization leading to lower densities of compressive ledges. Each of these suggested mechanisms should result in distinct grain size dependences of the steady-state compressive stress magnitudes that would manifest in the following ways. If the compressive stress is generated within the grain boundaries, the stress magnitude should scale linearly with the grain boundary length per unit area, which in turn is proportional to the inverse lateral grain size. If, on the other hand, the initial compressive stress recovers after the completion of coalescence, the stress magnitude should be proportional to the inverse lateral grain size when the reduced lattice parameter is frozen in. If the compressive stress is generated by adatom trapping between surface ledges, its magnitude should be proportional to the ledge density, which should be independent of the grain size provided that the surface structure remains similar for different grain sizes. Whilst, if the compressive stress is generated by repulsive forces acting on the outer boundaries of grain bundles, the stress magnitude should be proportional to the length of the outer boundaries of the grain bundles.
In the present study, we investigate the grain size dependence of the compressive stress magnitude seeking to distinguish between the different stress generation mechanisms detailed above. The grain size in dense Mo films is controlled over a large range (47-329 nm) using crystalline templates with an epitaxial relationship to the film. The Mo films are deposited under otherwise identical deposition conditions making it possible to single out the grain size as the only varying parameter. During film growth, we made use of highly ionized energetic vapor fluxes generated using high power impulse magnetron sputtering (HiPIMS) to promote atomic mobility, and film densification which we have previously shown leads to compressive film stress. 25 Using in situ real-time stress measurements, we find that the compressive stress magnitude increases with the inverse grain size in a seemingly linear fashion, while ex situ X-ray Diffraction (XRD) stress analysis rules out defect generation in the grain bulk as the major stress source. We can therefore conclude that the compressive stress originates from grain boundary densification.
II. EXPERIMENTAL DETAILS
200 nm thick dense Mo films were deposited on Mo, a-Si, and bcc Mo 1Àx Si x template layers used to set the grain size under deposition conditions that have been shown to lead to compressive stresses. 25 Fillon et al. 31, 32 have shown that Mo and Mo 1Àx Si x alloy (0 x Շ 0.19) films deposited on a-Si undergo an amorphous-to-crystalline phase transition at a composition-dependent critical thickness, leading to a composition-dependent grain sizes range from $50 nm up to $1 lm. To set the grain sizes over an as large range as possible, the dense Mo films were deposited onto four different seed layers: a 30 nm thick Mo layer, a 10 nm thick amorphous Si (a-Si) layer, and 30 nm thick Mo 1Àx Si x layers with Si content (x) of 8 at. % and 12 at. %, respectively, grown on a-Si. The depositions were carried out in a high vacuum chamber with a base pressure of <8.0 Â 10 À6 Pa using magnetron sputtering from elemental Mo (99.95% purity) and Si (99.995% purity) targets with a target-to-substrate distance of 18 cm. The Mo seed layer was deposited at a working pressure of 0.14 Pa with an average DC power of 61 W. The a-Si and Mo 1Àx Si x layers were deposited at a working pressure of 0.24 Pa. The a-Si layer was deposited using an average RF power of 150 W, while the Mo 1Àx Si x layers were deposited with an Mo target power of 100 W and Si target powers of 56 and 61 W. Immediately after, 200 nm thick Mo films were deposited on the seed layers by HiPIMS which is a pulsed ionized sputtering method known to lead to intense bombardment of the growing films by both metal and working gas ions resulting in dense films. 25, 33, 34 For the HiPIMS depositions, an average power of 100 W, a pulsing frequency of 100 Hz, a pulse width of 50 ls, and a working pressure of 0.2 Pa were used, resulting in an average deposition rate of 0.51 Å /s. The substrate was rotated at 15 rpm throughout the depositions to ensure an even deposition rate across the substrate.
The chamber was equipped with a multi beam optical stress sensor (MOSS, k-Space Associates) used to monitor the film stress in situ throughout the deposition of the full layer stack. The MOSS measures the change in substrate curvature (Dj) which is related to the stress-thickness product (rt f ) or force per unit width by the modified Stoney equation,
s Dj, where Y s is the biaxial modulus of the substrate (Y s ¼ 180.5 GPa for Si(100)) and t s is the substrate thickness. The acquisition of the curvature change was synchronized with the substrate rotation resulting in an acquisition rate of 0.25 Hz. The stress evolutions were recorded for the full layer stack and during the post deposition stress relaxation, an example of which can be seen in Figure 1 . An exception to this was the sample deposited on a Mo seed layer where the high stress resulted in curvature that was too large to measure above a thickness of 125 nm for the dense Mo layer.
No intentional substrate heating was used. The sample temperature change after deposition of the full layer stack was estimated as DT ¼ Drð1 À Þ=ðY Mo ða Si À a Mo ÞÞ, where Dr ¼ 15 MPa is the observed tensile stress change 900 s after the deposition interruption (see Figure 1 and the supplementary material 32 C. Thermal stresses introduced by the deposition process can therefore be considered negligible compared with the intrinsic stresses that are on the order of hundreds of MPa to a few GPa (Table I ). The refractory character of Mo leads to a homologous temperature of T s /T m $ 0.11, where T s is the substrate temperature and T m is the melting temperature of the material in K. This growth temperature does not favor surface and bulk diffusion processes, i.e., no significant changes of the film morphology due to thermally activated diffusion are expected during or after deposition. Thus, ex situ characterization of the as-deposited films morphology is expected to be representative of their microstructure during growth.
The in situ stress monitoring was complemented by ex situ studies of the crystallographic orientation and film stress/ strain relations by means of XRD. Cu Ka radiation was used to perform measurements in the h-2h geometry in a four-circle diffractometer (Panalytical) equipped with a hybrid monochromator with a 1 4 degree divergence slit, a parallel plate collimator, and an area detector. The film stress/strain state was determined using the sin 2 w-method adapted for textured layers 38 in a four-circle diffractometer (Seifert) equipped a with 1 Â 1 mm 2 collimator and a Ni-filter to absorb the Cu Kbradiation. The sin 2 w-method uses the lattice spacing d hkl of (hkl) planes as a strain gauge. The measured lattice strain is e w;/ ¼ ða w;/ À a 0 Þ=a 0 along the (w,/) direction, where w is the angle between the surface normal and the (hkl) plane normal, / is the azimuthal angle, a w,/ is the lattice parameter for a given {hkl} reflection, and a 0 is the stress-free lattice parameter. The strain for a (110) oriented cubic material (like Mo thin films) can be described by assuming an equi-biaxial stress state r biax , e w;/ ¼ r biax ð2s 12 þ
2 /Þsin 2 wÞ, where J ¼ s 11 Às 12 Às 44 =2 is an anisotropy factor and s ij are the components of the compliance tensor. Fitting this model to measured data provides a measure of the average film stress and stress-free lattice parameter of the crystalline regions of the layer stacks, i.e., the crystalline Mo and Mo 1Àx Si x seed layers and the dense Mo layers.
The film morphology was investigated by atomic force microscopy (AFM) measurements in a multimode Digital Instrument device operating in tapping mode and scanning transmission electron microscopy (STEM) performed in a FEI Technai G2 microscope. The grain sizes of the samples were determined by manually tracing out the grain contours in 2 Â 2 lm 2 , for the samples with smaller grain sizes, and 5 Â 5 lm 2 images, for the samples with large grain sizes, and analyzing the traces using the Gwyddion software package. 39 The grain sizes are given as the diameters of circles with the same circumference as the measured grains and are therefore directly proportional to the grain boundary length in the sample. The atomic terrace widths were estimated from AFM line profiles 32 assuming that the grains had a (110)-out-ofplane orientation and equidistant steps. The number of steps required to build up a surface feature was determined from the feature height and the interplanar distance for (110)-oriented Mo, and the resulting terrace width was then calculated from the feature widths and averaged over a large number of features. During the STEM investigation, bright field (BF) and high angle annular dark field (HAADF) STEM imaging were acquired simultaneously from cross-sectional TEMfoils that were prepared by focused ion beam (FIB) milling in a Zeiss 1540 FIB/SEM instrument.
III. RESULTS Figure 1 shows the film force evolution during the deposition of the full layer stack for the sample with a grain size of 329 nm. It can be seen that the film force evolution is distinctly different in the different layers. The stress is compressive in the a-Si layer, while the Mo 1Àx Si x seed layer initially shows a sudden tensile stress rise associated with a change in the surface stress between the a-Si and the Mo 1Àx Si x layers. The incremental stress then turns slightly ). After crystallization, the incremental stress in the Mo 1Àx Si x seed layer turns tensile. The Mo layer first exhibits a large compressive stress ascribed to coherency stress due to pseudomorphic epitaxy of Mo on Mo 1Àx Si x . The incremental stress then turns tensile and later reverses back to reach a steady-state compressive regime for a Mo layer thickness above $150 nm. After the deposition is stopped, there is a slight tensile stress rise due to the sample cooling down as discussed in Section II.
AFM images of the films surface morphology are shown in Figure 2 . From the images, it can be seen that the surface structure changes from dome-like grain tops for the smallest grain size, Figure 2 (Table I) . Crosssectional images of the films by STEM using HAADF and BF detectors are shown in Figures 3(a)-3(f) . Both HAADF and BF imaging reveal the grain structure and show that the lateral grain size is nearly constant through the film thickness. An exception to this is the film with the smallest grain size, which show signs of initial competitive growth in the HAADF image as a bright region near the film substrate interface ( Figure  3(a) ) and a slightly increasing lateral grain size, from approximately 17 nm to 23 nm, with increasing film thickness. The irregular shape of the grains in most samples results in that the in-plane grain sizes in the TEM micrographs in Figure 3 are not directly comparable to the measured grain sizes given in Table I from AFM analysis. In HAADF-STEM, the contrast is dominated by the average atomic number and the sample thickness. The small variation in contrast between grains is due to several grains having similar orientations with respect to the electron beam, 40 or slight variations in thickness due to the sample preparation procedure. Within the grains, the HAADF images show bright features indicating the presence of defects. 41 Typically, there is little variation in HAADF intensity across the grain boundaries indicating little variation in the density, composition, or thickness although some grain boundaries appear bright in the HAADF imaging indicating a larger density or defect concentration. XRD performed in the h-2h-geometry, Figure 4 , showed that all films are highly (110)-oriented with only the film deposited on a Mo seed layer exhibiting other diffraction peaks than from the (110)-family. XRD pole figures of the (110) reflection, shown in the supplementary material, 32 confirm that the films have a (110) out-of-plane orientation with a random in-plane orientation. The strong (110) out-of-plane orientation makes it possible to estimate the terrace widths on the surface features from feature heights and widths extracted from AFM line scans. 32 The estimated terrace widths are given in Table I , where it is seen that the values vary between $2.6 and 2. (Table I) , was found to be nearly constant between the samples and only slightly expanded (Da 0 /a 0 ¼ 0.11%) compared with the bulk lattice parameter of Mo (3.147 Å ), 42 indicating that the stress state is primarily biaxial. 43, 44 From this lattice expansion, the hydrostatic component of the compressive stress can be estimated to be approximately À0.33 GPa assuming a strain of 0.11% and an elastic modulus of 298 GPa for sputter-deposited Mo films.
35 Figure 6 shows the stress evolution of the Mo films deposited on templates with different grain sizes. Competing stress sources are active in the films deposited on a-Si and Mo 1Àx Si x seed layers resulting in stress gradients through parts of the film thickness. The origin(s) of the tensile stress component(s) is not known and out of the scope of this paper. The Mo films deposited on a-Si and Mo 1Àx Si x seed layers, grain sizes of 58, 213, and 329 nm, reached a compressive steady-state stress, denoted by dashed lines in Figure 6 , at a thickness that varied depending on the template layer. The Mo film deposited on the Mo seed layer, black line, is compressive from the beginning of the deposition but exhibits a slight gradient where the stress magnitude decreases with film thickness. Parts of this gradient, especially close to the abortion of the stress measurement at a thickness of approximately 125 nm, can be explained by the non-linear relation between film stress and substrate curvature at large curvatures, 45 resulting in an underestimation of the compressive stress magnitude. The slightly increasing grain size as the film grows thicker might also contribute to the stress gradient.
The AFM and STEM imaging, Figures 2 and 3 , show that the Mo films grow with nearly constant grain sizes throughout the film thickness, while in situ stress measurements, Figure 6 , show that all films reach a compressive steady-state state (dashed lines in Fig. 6 ). The fact that the films reach a steady-state stress shows that any thicknessdependent components of the film stress eventually die out above a certain thickness depending on the seed layer. We can therefore plot the magnitude of the steady-state film stress as a function of the inverse grain size in Figure 7 . From the figure, it is clear that the compressive stress magnitude increases with the inverse grain size in a seemingly linear fashion.
IV. DISCUSSION
The strong and seemingly linear increase of the compressive stress magnitude with the inverse grain size shown in Figure 7 is in clear departure from the results of Koch et al. 29 who saw no clear grain size dependence of the steady-state stress magnitude for evaporated Fe films. However, in their study, the grain sizes varied only between 10 and 21 nm. The present findings also show that the stress magnitude in the film is proportional to the grain boundary length in the sample. This is a strong indication that the compressive stress has its origin in the grain boundaries, a result that is in agreement with our previous report 25 that compressive stress is being generated by densification of the grain boundaries. The presence of dense grain boundaries 
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can be seen in the STEM images, Figure 2 , where no appreciable contrast changes can be observed across the boundaries. The HAADF-imaging, Figures 3(a) , 3(c), and 3(e), also shows bright contrast in some grain boundaries, which might indicate densification or a higher defect concentration. The contrast variations in the grain bulk in all films in Figure 2 also imply the presence of defects in the grain bulk. Point defects trapped in the grain bulk, such as self-interstitials or implanted working gas atoms, give rise to a hydrostatic lattice expansion manifested by an increase of the stress-free lattice parameter and an associated compressive stress component, 15, 16, 44, 46 as revealed by the XRD sin 2 w-method. By extrapolating the linear fit in Figure 7 to an infinite grain size, it is possible to determine the magnitude of this stress component to À0.17 GPa, which is in reasonable agreement with the estimated value of the compressive stress induced by the hydrostatic lattice expansion (À0.33 GPa). This stress magnitude is lower than that reported previously in ion beam sputtered Mo films which were found to exhibit substantially larger lattice parameters (Da 0 /a 0 ¼ 0.60%) and hydrostatic stress component (À4 GPa), which indicates extensive creation of bulk point defects such as implanted Ar atoms. 17, 44 Nevertheless, defect creation in the grain bulk of the films cannot be disregarded but its contribution to stress generation is small compared with other sources and should be similar in all samples as the deposition conditions were kept identical.
The present study differs from much of previously published literature by the use of seed layers to set the grain size of the Mo layers. The grains in Mo and Mo 1Àx Si x deposited on a-Si form through a solid state crystallization process. This eliminates the nucleation of 3D islands, island growth, and coalescence stages characterizing the Volmer-Weber growth mode of the model systems commonly used to investigate growth stresses in polycrystalline thin films. Instead, the seed layers make it possible to deposit films in an as-coalesced state as the Mo layers grow epitaxially on the seed layers. The initial pseudomorphic epitaxial growth thus makes generation of Laplace pressure induced stresses impossible as the growing Mo islands are in registry with the Mo 1Àx Si x layer. Hence, Laplace pressure induced stresses cannot explain the compressive stress observed in this study. The estimation of terrace width for the different samples shows that their values vary in the range of $1.4 to $2.8 nm (Table I) . Assuming similar structures of the step edges, these differences (factor $2) are too small to lead to changes in the ledge density required to explain the factor 5 difference in the observed steady-state stress magnitude. Differences in the nucleation density on the island tops are also unlikely to lead to large enough differences in the ledge density, as the nucleation density is mainly set by the deposition conditions, which in the present case are identical for all samples. Repulsive forces acting in high angle grain boundaries resulting in unzipping or grooving of these boundaries as suggested by Gonz alez-Gonz alez et al. 26, 27 can also be ruled out as the grain boundaries are compact throughout the film thickness. It should also be pointed out that the microstructures of the films in the present study are different between the different samples and do not correspond to the structure with grain bundles separated by deep grooves observed in Ref. 26 .
The results are in agreement with the notion of atom insertion into grain boundaries from the models developed by Chason et al. [18] [19] [20] [21] and Yu and Thompson. 24 There are some differences between the situation described by these models and the deposition conditions in the present study. In the models by Chason et al.,
18-21 the flow of adatoms into the top of the grain boundaries is driven by the chemical potential difference between the surface and the grain boundaries as the surface chemical potential is raised by the presence of adatoms. At low homologous temperatures, severe kinetic limitations are placed on surface diffusion generally leading to underdense films exhibiting a tensile stress due to interaction between grains over grain boundaries. 2 We have previously suggested 25 that low-energy bombardment driven adatom diffusion and the creation of highly mobile 47, 48 shallow Mo interstitials through direct or knock-on implantation by energetic species can result in incorporation of atoms into grain boundaries even at low homologous temperatures. These mechanisms result to the same net effect (i.e., incorporation of atoms into grain boundaries) as those that have been suggested to be active when deposition conditions allow for fast, thermally activated surface diffusion, 20, 21 e.g., during growth of low melting point metallic films at room temperature. The compressive stress originating in the grain boundaries of the film provides a driving force for out-diffusion of atoms from the grain boundaries and thereby implies that part of the stress relaxation upon deposition interruption is caused by outdiffusion of atoms from the grain boundaries if kinetic conditions favor atom diffusion, 20, 21, 49 although it is likely not the sole cause of these relaxations. 24, [50] [51] [52] [53] V. SUMMARY We have shown that the steady-state compressive stress in vapor deposited dense Mo films exhibits a strong and seemingly linear increase with the inverse grain size. Combining this with previously published results, 25 it is possible to conclude that atom incorporation into grain FIG. 7 . Steady-state stress as a function of inverse grain size. The average stress of the sample with a grain size of 28 nm (black circle) is used due to the stress gradient. The data points represented by stars denote largest and smallest stresses in the stress gradient in the film with the smallest grain size.
boundaries can lead to compressive stresses that are large enough to be the dominant stress source in the film if growth kinetics favors film densification. For refractory thin films and hard coatings, these results imply that dense polycrystalline films will be in a compressive stress state where the stress magnitude decreases with grain size and that this compressive stress only will relax if the kinetic restrictions on out-diffusion from the grain boundaries or grain growth are removed, e.g., by annealing of the films.
